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To differentiate between micruemulaons and micellar solutions, an examination was imdcr- 
talcen of the molecular interns taking place in the interphase of very*naU *"J£ ™* n 
the interphase is 25 A. thick, there I* an abrupt change in the rauo of the voh.«j« 
phase to the volume of the core in the neighborhood o£ a droplet diameter of 100 k. Below^ 
diameter, the degree of aggregation, or curvature of the. adherent mt«pha*, « pn™«b 
determined by interactions between water and the heads of the surfactant *J 
dimeter, curvature is determined by specific intention, among otl ackota and mfettwt 
tails as well as bv the interactions among the surfactant heads and water m a ^UJefinrt 
crfterent interphase. It is such a duplex film, capable of having different tensions at eachof »U 
sides that distinguishes the microcmulsion from the micellar solution. A tension « pressure 
gradient across a freshly formed interphase is able to control its curvature, and ^thus droplet 
size, over a much wider range than can the interaction among surfactant beads ana water 

"'lie data of two of Schulman's alcohol and soap stabilised dispersions were used for this 
analvsis. In one, the oil phase was benzene, in the ...her hexadecane. It 
the water content of these inverted micelles was iacrea^, the mere** »jg*""^ t 
acrnmpanied by an increase in the ratio of alcohol to soap in the interphase, flu* is n*""" 1 
because aero interfacial tension, considered necessary for microemulsions -l^JJJ 
mediate values of this ratio. In the benzene system this ratio was quicaly exceeded^ «sumng 
in a macroemulsion at low water content. In the hexadecane system, 
ciation between oil molecules and tW tails of the surfactant species, the m"* 
their equilibrium status, despite a high ratio, by changing into tylindncri l« lamellar m**l*s. 
This behavior was ascribed to a limit in the system of the ratio of alcohol to soap and the 
amount of oil, suggesting how phospholipids might form liposomes or nvemb~c ^«*^ 
more water was added to the lamellar micelles, o/w microemulsions formed provtdmi ^ertam 
new criteria were met. Emphasis w„ placed on the choice of corr?»nen. S - Beca|« °W 
limitations in the center of the droplet, long alcohol tails and more than stoic TT^ 
of, or large, cations increased the chances of forming these rare systems. A hyp. , h ' u '* ^ 
equilibria diagram was presented in which the regions «f microemulstons, mtcfllar sduhons, 
^quid cryataUme phases were defined qualitatively. In this diagram microemulsions and 
micellar solutions were distinguished on the basis of aggregate size. 



INTRODUCTION 

During the past several years there have 
been proposals that Schuhmw's fluid, trans- 
parent 1 , isotropic dispersions of water and oil 
may nut be emulsions at all but swollen 

'Translucent is the genera] term and includes trans- 
parent, which may be described as very translucent. 



micelles, micellar solutions or micellar emfj 
sions, etc. (i 7). In phase equilibria <H»gJ» 
these svstems were found in the L, and i* 
phases," corresponding to normal and taw 
micelles, respectively. Although on the surf** 
this difference in terminology appears toJ| 
only a question of semantics, the matter 
deeper and requires clarification. It is 
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Wm cb J c<ci ve °* th * study to examine the systems 
jpp| iii question in terms of the molecular interac- 
tions taking place at the oil/water interface 

l^ nd by 80 <io[n & t0 tr >' to P uL question 
^.^Jj.of nomenclature in its proper perspective. 
Ippll Schulman first called his transparent water- 
^l^n-oil (w/o) dispersions olcopathic hydro- 
_ ||inicelles (8), later calling them oleophilic 
hydromicelles and the oil-in-water (o/w) dis- 
i^plrpersions hydrophilic oleomicelies (9). Five 

^Bll yCarS Ialcr> in h,s P a P cr witb ^owcott (10), 
Schulman departed from tiic view that these 
: *^hl^ nc dis^rsions were micelles and suggested 
: ;|^P|ifa»t liquefaction of the mixed tmerfacial 
^^pli^^aytr, by penetration with alcohol or 
l^lll^ of a Iar ? e permitted surface ten- 

■^p#»°n gradients across the interphase lo effect 
p|t|m curvature and so envelop one liquid in the 
:< j^-pther in the form of spherical droplets. This 
H§|§?as the mechanism proposed by Bancroft 40 
|||§f|^ earlier to explain the formation of (macro) 
^ f; emulsions (It). In 1959, upon learning of the 
|;-inany translucent o/w emulsions of commerce 
Hip tbat were transparent or scattered light in 
fill * he T V ndaJ1 ^nge (12) and on the basis of 
p HI electron micrographs of a- series of alkyd eraul- 
lly • sions ( ,3 > 14 ^' he Ranged the name of these 
*||| systems to microemulsions (15). 
II;:; These o/w microemulsions had a common 
Jtj denominator. They inverted from a w/o to 
, an o/w emulsion by passing through a visco- 
||tr'- plastic gei stage consisting of an hexagonal 
||||y : array of water cylinders adjacent to the w/o 
||fl|^ u & 0ft and a lamellar phase of swollen 
:bimolecular leaflets adjacent to the o/w emul- 
The liquid crystalline phases of these 
llll^systems were originally established hv optical 
|H : ?= and x-ray examination (16) and more recently, 
|rr" by optical, conductivity, and NMR stud- 
| ies (17). 



TABLE I 

Effect or Watzk ox Swelltkc or 
Bkkzexk System (10) 



m. 

ffcSsion 



THK DATA 

HI;;; the purpose of our argument, data are 
|p|r^esented on two of Schulman 's translucent 
|||;;; oil and water systems, both of which employed 
III ; P°tassium oleate and n-hexanol as the emul- 
jsifying agents. In one the oil phase was ben- 
j«erie; in the other it was hexadecanc. 
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Translucent dispersion 
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Unstable macroemulsion 




>75 

















0 15 ml benjeene was originally present in system. 
'* 2 ml oleic add in system. 



In the benzene system, Bowcott and Schul- 
man (10) determined the ratio of the number 
of molecules of alcohol to soap in the inter- 
phase, (»*/»*)/. They did this for several ratios 
of water to soap molecules, njn,. Using the 
values of («*/»»}/ corresponding to the several 
values of the diameters of the droplets 

(internal phase plus interphase) were calcu- 
lated, assuming areas of 30 A* for oleate and 
20 A 2 for alcohol. These data are presented in 
Table I. When (»«,/*,)/ exceeded 75, it was no 
longer possible to clear the system with 
hexanol. 

In contrast, when hexadecane replaced 
benzene, the system remained clear at (»,,/n.)/ 
> 75, passing through a viscoelastic gel stage 
on the way to inverting to a clear o/w disper- 
sion. Shah and Hamlin (17) identified the 
compositional points at which the transitions 
in aggregate form occurred as the ratio of the 
volume of water to oil, VJV^ increased. The 
aggregate forms are listed in Tabic II corre- 
sponding to values of VJ\\ and n m /n,. The 
value of 3.2 for (««/».)/ at njn. of 25 was 
obtained by Cocke and Schulman (18) in an 
earlier study of the same system. Using this 
as a benchmark and by roughly extrapolating 
the data of Table T. values (in parentheses) 
were assigned to (»«/««)/ for appropriate 
values of *«/»,. Using these hypothetical 
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TABLE il 

Kpfect of Water on Swt.t.uno of 
Kkxapecane System (17) 
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2a 


w/o micro 
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25 


3.2 


08 
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w/o micro- 
emulsion 


0.6 


53.4 


(5) 
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Water cylinders 


0.7 


62.3 
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Water cylinders 
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Lamellae 


1.1 
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o/w micro- 


1.3 









emulsion 

* I ml bexadecane was present in system. 

* 0,2 g potassium oieate wa* in system. 

* 0.4 ml hcxanoi was in system. 

data, diameters of the droplets were calculated 
as in Table L 

DISCUSSION 

This section is divided into three parts: 
(1) Interpretation of the data; (2) considera- 
tions of aggregate size; and (3) a hypothetical 
phase equilibria diagram. The interconnecting 
theme is the behavior of the tenants of the 
interphase. 

Interpretation of ike Data 

To facilitate this discussion a brief review of 
the theory of emulsions as proposal by Schul- 
raan and his coworkers is inserted. It provides 
a relevant viewpoint not previously presented 
in this context. 

The formation of microeraulsions was as- 
cribed to the presence in the interphase of 
molecules derived from the oil phase (13, 15, 
19-21). Intercalated among the soap and 
alcohol tails, they were seen as developing a 
high two-dimensional pressure v that de- 
pressed the interfacial tension 7, to zero in 
accordance with the equation 7* - (7o/w)* 
— ir, in which (7»/v)* is the oil/water inter* 
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facial tension after the chemical potential of 
the alcohol in each phase has been equalized 
by partitioning. By the terms of this concept 
zero interfacial tension may only occur at an 
intermediate value of (« a /««)r. Below this 
range, * may be high but (to/w)* has not yet. 
been sufficiently depressed for «r to be equal 
to it Above this range, the predominantly 
alcoholic interphase squeezes oil molecules 
out of it, reducing r below (7o,<v)«. 

Accordingly, it appears that at low water 
content the value of (*«//*,)/ determines the 
equilibrium status of the system. On this basis, 
Boweott and Schulman did not obtain a 
translucent dispersion when n K /n t exceeded 
75 because (rt«i/«,)f beyond the inter- 
mediate range. 

This same reasoning explains why the 
amount of water that their translucent systems 
could hold was increasingly restricted as the 
tail of the alcohol was lengthened. Even in the 
intermediate range of alcohol content, each 
successive increment of tail length squeezed 
more benzene molecules out of the interphase 
until at dodecyl it was no longer possible to 
develop enough pressure to counteract the 
tension. 

On the other hand, replacement of benzene 
with hcxadecane substantially increased the 
association of the oil molecules with the tails 
of the surfactant species. A more highly 
oriented arrangement of the oil molecules 
replaced a random type. Thus, a higher 
alcoholic content was required to squeeze the 
oil molecules out of the interphase. 

The oil molecuhf-tails association enabled 
the system to retain its equilibrium over a 
much wider range of water content. This was 
accomplish cd by having the aggregates assume 
nonspherical forms. At Point 4 in Table IF. 

has reached its limit because njn» 
is only 5.1. Thus, alcohol molecules are no 
longer available to expand the water side of 
the him. Under these circumstances, pene 
tralion of the tails by oil molecules at fixed 
curvature at the head side transforms the 
spherical aggregates into cylinders of water. 
As more water is added, this shape persists 
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III: ' . until the supply of oil molecules to All the tail 



side of the elongated interphase is exhausted. 



At this point, presumably Point 6, the :\sso- 
liilli: ciation among the tails and hexadecane mole- 
ll' ^tTUlcs can no longer prevent a decrease in 
B|^[ttirvature at the water sirie of the film and a 
[|p|| : lameltar.form of aggregate results. Such inter- 



^R|Kactions suggest how bimolecular leaflets of 
^aqueous dispersions of phospholipids might 
jorrn myelin figures (liposomes) or the inner 
:|p|p|i;layer of the biological membrane. 
;;>Btel: ;: . Further additions of water effect inversion 
ijto an o/w microemulsion providing the system 
jpllpeets certain new criteria. These again involve 
;^^^|iipteractions at both sides of the interphase, 
^^^^jiaking the tail of the alcohol extraordinarily 
ji^jong assists in forming these o/w systems 
^PllilS, 19). For example, the o/w microemulsion 
|i||fangc of the system of Table II could have 
pfeeen extended had stearyl alcohol instead of 
|tfcexyl been employed. This would have 
^squeezed oil molecules out of the tail side of 
iflipibc interphase, abetting the wedge formation. 
|; By the same token, when twice the stoicbio- 
^p|»etric amount of a large cation like 2-amino 
| \] -2-methyM-propanol (22) replaces potassium, 
^K&e wedge is increased bv expansion of the 
i^^^ad side. 
:*^^p-|:.-In this perspective, one can define a inicro- 
;^ffi||tnrulsion in terms of the molecular interac- 
: ^^fciions in the interphase. At the concentration 
:^Kpof alcohol and soap required for zero interfacial 
i^^ltension, the ratio of the volume of surfactants 
|^K||ito dispersed phase is also high enough to 
^^|;;occupy the volume of interphase needed for 
:^fe;droplets less than 2000 A in diameter. How* 
^^^|:cvcr, zero interfacial tension does not ensure 
^^|;.that a microemulsion will form in these sys- 
^p||;tems since cylindrical and lamellar micelles 
^festko exist in equilibrium states. What ctif- 
:^^|jferentiates an emulsion from these liquid 
.^feiprystalllne phases is the kind of molecular 
.^p|interaction that produces an initial tension 
spfifr pressure gradient across the interphase 
:^p|causing it to enclose one bulk phase in 
||§§ithe other in the form of spheres. When 
^^p||mechanical work is required to effect such 
Ipgfcurvature, Bancroft called the system an 



emulsion; when the curvature occurs siK>n- 
taneously, Schulman called the system a 
microemulsion. 

Considerations of A ggregate Size 

In these colloidal systems, the degree of 
light scattering as measured by the naked eye 
provides a practical means of distinguishing 
size. Macroemulsioius scatter white light. 
Microemulsions scatter light in the Tyndall 
range, appearing blue to reflected light and 
orange-red to transmitted. Although there is 
some overlapping with micxoemulsions, mi- 
cellar solutions do not usually scatter light; 
they are transparent. There are valid molecular 
arguments to support such a crude char- 
acterization. 

These depend on the geometry of very small 
droplets. In soap stabilised droplets in which 
the interphase is 25 A thick, there is a very 
abrupt decrease in the ratio of the volume of 
the interphase to the volume of the droplet 
cure, Vi/Vcf in the vicinity of a 100 A diam- 
eter droplet (Table III). This has a decisive 
influence on the behavior of the interphase. 
Two kinds of interactions may occur. 

In the presence of minimal amounts of water, 
the heads of the surfactants are drawn to- 
gether by hydrogen bonding, aggregating 
them into inverted micelles. The conductivity 
remains low according to Shah and Hamlin 

TABLE ni 

The Geuuetby of Dropiets Haying a 
25 a Thtcx Iotjcrpha.se 



Diameter. A 



Core 


Droplet 




10 


60 


215 


15 




80 


30 




IH 


50 


100 


7 


60 


110 


5 


80 


130 


3.3 


100 


150 


2.375 


1000 


1050 


0.153 


10000 


10050 


0.015 



* Volume interphase/ volume core. 
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and (njn,)r is dose to unity. According to 
Ekwall *f a/. (S), the water does not behave 
as a bulk liquid until ail hydrogen tending 
sites have been occupied. In such a solubilized 
system, interfacial tension appears to have 
no meaniug. Assuming a water core 10 A in 
diameter, Vt/Vc would be 215, from Table 
III. Since such an interphase would be com- 
rosed predominantly of oil molecules, the 
tails of the surfactants would be dissolved in 
oil. Except for a few oil molecules close to the 
water interface, oil molecules are randomly 
oriented among the oleate and hexyl tails. 
There Ls really no coherent film in the Lang- 
muir sense. Schubnan recognized this in cal- 
culating the diameter of the droplets of Table 
I. By taking the volume of the dispersed phase 
to include the soap and alcohol it was not 
necessary to make any assumptions about 
chain length or orientation except that the 
interphase be in a completely liquid state. 
Thus, the driving force that lowers the free 
energy of the system is the interaction among 
water molecules and the heads of the surfactant 
species. This describes a micellar solution. It 
is submitted that Points 1, 2, and 2a of Table 
II fall into thi3 category. 

When, however, Vr/Vc < 7, the behavior 
of the system depends on the molecular inter- 
actions at both sides of a well-defined 25 A 
thick interphase. As the ratio of the number of 
tails to oil molecules increases, the orientation 
of the oil molecules becomes less random. 
Since the tails are anchored in the water, 
orientation is induced among the oil molecules, 
making for a liquid condensed film. This is 
particularly so if there is good association 
among the oil molecules and tails. It is rea- 
sonable to assume that such an interphase 
becomes a duplex film (20), possessing different 
tensions at each of its sides as the core diam- 
eter of the aggregate approaches 50 A. It is 
this that differentiates the microemulsion 
from the micelle. A tension or pressure gradient 
across a freshly formed interphase is able to 
control its curvature, and thus droplet size, 
over a much broader range than can hydrogen 
bending among head groups. 
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These same principles apply to normal 
micelles and o/w microcmulsions. When the 
amount of oil in the system is very small, the 
interaction of the surfactant heads with the 
water phase aggregates the surfactant into 
normal micelles. The oil is now intercalated 
among closely packed tails and the volume 
solubilized in this manner will depend oji 
association with the tails. For a normal micelle 
to become an o/w microemulsion by increasing 
in size, there must, as in above, be strong 
interactions at both sides of a well-defined 
interphase. In this case, the interactions are 
much more specific. Because of space limita- 
tions in the center of the droplet, sharp wedge 
formation must be achieved by long alcohol 
tails squeezing oil molecules away from the 
cere and towards the head side of the inter- 
phase. Expansion of the water side of the 
interphase by increasing the size and number 
of polar groups associated with the surf act&nta 
abets this wedge formation. 

Systems in which surfactant species match 
the oil molecules to effect this kind of wedge 
formation are extremely rare; the writer has 
encountered only about 25 such matches in 
35 yr experience in the field. It is therefore 
not surprising that no such system was in- 
vestigated by means of the phase equilibria 
diagram. The closest one was a diagram of a ; 
nonionie-water-miptral oil system described 
by LaChampt and Vila (2;*). 

Phase Equilibria Diagram 

A phase equilibria diagram would give k 
additional meaning to the foregoing considera- 
tions. Figure I is a hypothetical diagram in o 
which E (emuisifier) at the apex is the sum cf • 
the soap and alcohol. The eight points of !i 
Table II serve to delineate the several regions ''A 
in which the aggregates assume different forms, g 
In defining the region of inverted micellar rjj 
solutions, the attributes of the six points of -J 
Table 1 were taken as guideposts, a. liberty g 
justified for illustrative purposes only. The 
L% and L% regions include micellar solutions J! 
and microernulsions. The macroemulsion re-?| 
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Fig. t . H>pothetical phase equilibria diagram skwin* T€ £ om of microcmuLsions and micellar solutions 
# are points of Tabic I; * are point* of Tabic II. 




m lies below the microemulsion region at 
*er emuisifier content. 
j^^P|:The shape of the w/o microentulsion region 
* <& ||tnusual. The reason for this is twofold. In 
ftems that invert through a viscoelastic gel 
e.g., the ones of Table II, dilution with 
r effects a transition to cylindrical micelles 
5^^p|tiiin a very narrow water range. This is how 
system maintains its equilibrium, in 
i:^^Pl^ enis *^ at do not invert, e.g., the ones of 
1^^^*^ l > lhe Aspersions are incapable of swell- 
with more water without losing their 
?i^p||nilibriu!n status, i.e., moving into the 
:-;?^pi|acroemulsion region. 
^^^P||The dispersions of Bowcott and Schulman 
;i^p||e depicted as being in the microemulsion 
wK^P^ in keeping with their droplet size. At 
Ppl^wer water content and smaller droplet size 
.i9H$fj& would be micellar solutions. On the other 
"^^l 11 ^ an increase in the level of soap would 



\W&$£* them up on the diagram so that they 
invert via a viscoelastic gel stage to 
::P|||^w raicroemulsions. Benzene-in-water micro- 
;;^^^aulsions have been made in this way. 

;^ftl:iP n '* e tlie juxtaposition of the inverted 
"liiicellar solution and w/o mkroemulsion 



mi 



^Hgions, the normal micellar region lies above 
*^$he o/w microemulsion region. Dilution of 




these microcmuLsions does not change the 
ratio of emuisifier to dispersed phase so that 
these systems arc infinitely dilutable without 
changing droplet size. To form normal micellar 
solutions by decreasing droplet size, the 
emuisifier content of the system must be 
increased. 

In conclusion, it is submitted that a diagram 
such as Fig. 1 was not contemplated by the pro- 
ponents of the micellar solution terminology. 
The interactions that are needed to form the 
phases of this diagram are of a higher order of 
complexity than those required for the phases 
of Refs. (17). 
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